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ERK-Mediated Decoding of Calcium Oscillations in Pancreatic Beta Cells
Ambhighainath Ganesan1, Andre Levchenko2, Jin Zhang1.
1Johns Hopkins University School of Medicine, Baltimore, MD, USA,
2Johns Hopkins University, Baltimore, MD, USA.
Calcium oscillations are thought to underlie pulsatility of insulin secretion from
pancreatic beta-cells, which is necessary for maintaining glucose homeostasis.
However, it is still unclear how this calcium signal is ‘decoded’ by other sig-
naling molecules such as protein kinases to modulate functional responses in
a context-dependent manner. In this study, we investigated crosstalk between
calcium and ERK signaling pathways using FRET-based ERK biosensor,
EKAR, and RFP-based calcium biosensor, RCaMP, in live MIN6 pancreatic
beta-cells.
We observed that different physiological stimuli elicit different dynamics of
ERK activity potentially affecting cell function. Amino acid stimulation re-
sulted in simultaneous transient increase in calcium and ERK activity.
Membrane-depolarizing agents, however, resulted in calcium oscillations lead-
ing to sustained elevation of ERK activity. Further, we observed that artificial
imposition of a train of calcium pulses mimicking ‘‘low-frequency oscilla-
tions’’ lead to simultaneous low-frequency ERK activity pulses. These results,
together with model simulations, suggest that endogenous frequency of calcium
oscillations in pancreatic beta-cells may be optimized for sustained ERK acti-
vation, potentially leading to efficient insulin gene transcription.
Calcium oscillations were also found to lead to sustained activation of Ras, an
upstream signaling molecule in the ERK cascade, indicating that ‘‘processing’’
of oscillatory calcium signal was likely mediated by calcium-sensitive Ras-
GEFs and RasGAPs.We show here that calcium-sensitive RasGRF1, RasGRF2
and p120RasGAP are expressed in MIN6 cells which could thus dictate the
temporal properties of the signal that is communicated to ERK. Further, we no-
ticed that inhibition of ERK activity resulted in loss of calcium oscillations in-
dicating feedback regulation of input calcium signal by ERK. The presence of
this putative feedback loop together with calcium-dependent modulation of
ERK activity highlights the intricate cross-regulation of the calcium and
ERK signaling pathways in pancreatic beta-cells for precise modulation of
functional responses.
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Endoplasmic Reticulum Protein 44 Mediates Cell Migration
Yingxiao Chen, Wenxuan Yin, Yanyun Wu, Congyan Pan, Lin Miao,
Guangju Ji.
Institute of Biophysics, CAS, Beijing, China.
ABSTRACT
Cell motility plays a fundamental role in cancer metastasis. But the intracellular
signaling mechanism that regulates cell motility remains unclarified. We have
studied the functional role of intracellular Ca2þ release channel IP3 receptor-
s(IP3Rs) and their novel negatively regulatory protein endoplasmic reticulum
protein 44 (ERp44) in A549 cell migration. In wound healing assay, 30 mM
2-APB was used to inhibit Ca2þ release through the IP3Rs, and significantly de-
creased cell migration rates; while 20 mM Ryanodine did show any effect on
cell migration. Immunofluorescence assay showed that cell polarization, mem-
brane protrusion and formation of stress fiber of 2-APB treated A549 cells were
inhibited 2h after wound producing. Consistent with this finding, the time-lapse
imaging showed A549 cell became less motile after 2-APB treatment. Over ex-
pression of ERp44 in A549 cells inhibited 10 mM eATP-induced calcium acti-
vates and cell polarization, consequently inhibited cell migration both in wound
healing assay and the time-lapse imaging. However, over expression of ERp44
in rat vascular smooth muscle, in which IP3Rs were not required for cell migra-
tion, did not inhibit cell polarization and cell migration. These findings suggest
that IP3Rs are required for A549 cell migration and over expression of ERp44
inhibits cell polarization and cell migration through negatively regulating
IP3Rs.
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Disease Related Mutations Adjacent to Predicted Multiple Ca2D Binding
Sites of Ca2D-Sensing Receptor Altering Intracellular Ca2D Oscillations
via Extracellular Calcium and Amino Acid Signaling
Chen Zhang1, Fadil Hannan2, Yun Huang3, Yusheng Jiang1,
Mulpuri Nagaraju1, Rajesh Thakker2, Donald Hamelberg1, Edward Brown4,
Jenny Yang1.
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Calcium sensing receptor (CaSR), along other members of the family C G
protein-coupled receptors (GPCRs), play very important roles in responding
to changes in the extracellular calcium concentrations and in circulatinglevels of amino acids and integrating these extracellular signals into alter-
ations in intracellular signaling pathways. We have reported several potential
calcium-binding sites located within the CaSR’s extracellular domain using
our developed computational algorithms. In the present study, we first report
the differential effects of several disease-related mutations located at the pre-
dicted calcium binding sites on the inhibition and activation of intracellular
calcium responses using single cell imaging. Interestingly, mutating to differ-
ent residues at two locations near the hinge region of the ECD could lead to
either significantly lose of function of the receptor or gain of function (switch
function mutations). Amino acid binding results in differential rescue effect
in altering intracellular calcium responses, especially calcium oscillations.
We further analyzed the effect of mutation and amino acid binding on the
correlation motion, cooperativity, and synergistic activation use computa-
tional methods. These results provide important implications for our under-
standing of how the CaSR integrates information about these two
completely different classes of agonists–an inorganic divalent cation, and an-
other hand, a nutrient– how the receptor senses these agonists in healthy and
diseased states.
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Ca2D and Mg2D Induced Conformational Changes in Downstream Regu-
latory Antagonist Modulator (DREAM) Measured by Extrinsic Hydro-
phobic Probes
Walter Gonzalez, Jaroslava Miksovska.
Florida International University, Miami, FL, USA.
DREAM (downstream regulatory element antagonist modulator) is a multifunc-
tional calcium sensor protein involved in regulation of gene expression and K-
channel activity in neuronal cells. Here we present spectroscopic studies of the
Ca2þ triggered conformational transition in DREAM using the ANS extrinsic
hydrophobic probes 1,8-anilinonapthalene and 2,6-anilinonapthalene. Fluores-
cence emission spectra of the ANS-DREAM complexes show an increase in
ANS emission intensity for Ca2þ and Ca2þMg2þ bound DREAM consistent
with an overall decrease in surface polarity due to the Ca2þ binding. From
the titration studies the ANS dissociation constants were determined to be:
Kd1,8-ANS ¼ 145515 mM for the apoform and Kd1,8-ANS ¼ 4552 mM for
Ca2þDREAM. Two binding sites for both ANS isomers were identified in
apo/Mg2þ and Ca2þ/Mg2þCa2þ protein using fluorescence lifetime measure-
ments. We propose that one binding site is partially solvent exposed and ex-
hibits a shorter lifetime, t1,8-ANS ¼ 5.8 ns and t2,6-ANS ¼ 6.8 ns, whereas the
second site is buried within the protein matrix with t1,8-ANS ¼ 16.1 ns and
t2,6-ANS ¼ 10.9 ns. Computational simulation of ligand binding support the
two site binding model with one site located between EF-3/4 and the second
site near Trp169 and the entering helix of EF-3. Using fluorescence anisotropy
decay two correlation times were resolved for apoprotein and Ca2þ bound
DREAM. We assign the longer correlation time to a global motion of the
protein (Fapo/Mg2þ ¼ 55 ns and FCa2þ/Mg2þCa2þ ¼ 26 ns) and the second
time to a local motion of the C-terminal domain (Fapo/Mg2þ ¼ 13 ns and
FCa2þ/Mg2þCa2þ ¼ 6 ns). The 55 ns correlation time is consistent with apo
and Mg2þDREAM being in the tetrameric form whereas Ca2þ binding to
apo or Mg2þ DREAM promotes formation of DREAM dimer.
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Mg2D/Ca2D Induced Changes in Structure, Dynamics and Stability of
Dream Protein
Khoa Pham, Jaroslava Miksovska.
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Downstream Regulatory Element Antagonist Modulator (DREAM) is a mem-
ber of the neuronal calcium sensor family that controls activity of potassium
voltage channels and regulates c-fos and prodynorphine gene transcription in
a Ca2þ dependent manner. Here, we have investigated the impact of Mg2þ
and Ca2þ binding on the structure, stability and dynamics of DREAM and
DREAM C-terminal domain (DREAM-C). Mg2þ binding to the apoDREAM
does not alter the secondary or tertiary structure as based on CD and Trp emis-
sion spectra whereas the association of Mg2þ to either EF-3 or EF-4 in
apoDREAM-C results in an increase in protein secondary structure and alter-
ation of the tertiary structure. Ca2þ binding to either apo- or Mg2þDREAM
and apo- or Mg2þDREAM-C triggers larger conformational changes as evident
from the blue-shift in emission spectra and the decrease of Stern-Volmer con-
stant. Ca2þ triggered changes in DREAM conformational dynamics were char-
acterized by time-resolved fluorescence. In apoDREAM, single tryptophan
residue exhibits two lifetimes (t1=3.38 ns, f1=73% and t2=7.72 ns, f2=27%).
Ca2þ binding to apo- and Mg2þDREAM leads to the shortening of the first life-
time and decrease of the fractional contribution (t1 = 1.75 ns, f1 = 47% and t2 =
7. ns, f2 = 53%). Furthermore, the impact of Ca
2þ/Mg2þ on DREAM stability
was determined in equilibrium folding studies. The binding of Ca2þ increase
508a Tuesday, February 28, 2012the protein stability by ~ 7 kcal mol1 whereas the impact of Mg2þ on DREAM
stability is significantly smaller, ~ 1 kcal mol1. The stability of the C terminal
domain in both apo and Ca2þ bound form is significantly smaller compared to
the full length protein, suggesting that the inter-domain interactions signifi-
cantly contribute to the structural and functional properties of DREAM.
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Fine Tuning of Calmodulin’s Affinity for Ca2D by Target Proteins
Miao Zhang, Ji-Fang Zhang.
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Calmodulin (CaM) is a prototypical and versatileCa2þ sensor. CaMis present in
all eukaryotic cells, mediating Ca2þ-dependent signaling. Upon binding Ca2þ,
CaM changes its conformation to form complexes with a diverse array of target
proteins. Despite a wealth of knowledge on CaM, little is known on how target
proteins regulate CaM’s ability to bind Ca2þ. Recently we identified a novel
splice variant (KCNN2-b) of KCNN channels which shows different Ca2þ sen-
sitivity compared to the original KCNN2-a. KCNN2-b has three additional
amino acid residues in the CaM binding domain (CaMBD). We take advantage
of the CaMBDs from these splice variants to investigate their impact on CaM.
Crystal structures show that interactionswith these KCNN2 splice variants force
CaM to adopt different conformations and thus change its affinity for Ca2þ at its
C-lobe. All four EF-hands of CaM in the CaM-CaMBD2-b complex are occu-
pied by Ca2þ ions, whereas in the CaM-CaMBD2-a complex only EF-hands
at CaM N-lobe are loaded. Experiments with mutant CaMs support this differ-
ence in Ca2þ binding stoichiometry. Mutations of the EF hands at CaM
N-lobe (CaM12) almost abolished the interaction with both CaMBDs. The
mutant CaM unable to bind Ca2þ at C-lobe (CaM34) interacts with
CaMBD2-a substantially, with a similar amplitude compared to wild type
CaM. The thermodynamic profile of CaM34-CaMBD2-b, however, is distinct
from that of thewild type CaM-CaMBD2-b. This difference inmetal ion binding
stoichiometry is also proven in solution by Tb3þ Fluorescence measurements.
We further manipulated the three residues insertion by shortening it to two res-
idues (CaMBD2-AlaAla) or one residue (CaMBD2-Ala). Different metal ion
binding stoichiometry and Ca2þ sensitivity was observed between CaM com-
plexes with these two mutant CaMBDs, which furthers our understanding on
the fine-tuning of CaM’s affinity for Ca2þ by target proteins.
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Insights into the Mechanism of Metal Ion Binding to an EF-Hand from the
X-ray Structure of Mg(2D)-Bound N-Domain of Calmodulin
Zenon Grabarek, F. Timur Senguen.
Boston Biomedical Research Institute, Watertown, MA, USA.
The intracellular concentration of Mg2þ (~1.0 mM) is sufficiently high to oc-
cupy the Ca2þ-binding sites in the N-domain of calmodulin (N-CaM) at the
resting Ca2þ levels. Thus, Mg2þ is expected to modulate the intracellular func-
tion of CaM. Here we report the 2.1 A˚ resolution X-ray structure of the Mg2þ-
bound N-CaM. The complex was crystallized in P1 space group with two
molecules in the asymmetric unit arranged into a back-to-back dimer. Both
N-CaM monomers adopt the closed-domain (off-state) conformation. The
structure reveals two modes of metal binding to an EF-hand. In site I Mg2þ oc-
cupies the usual metal binding position engaging directly the ligands typically
involved in Ca2þ coordination, with the exception of the bidentate coordination
from the glutamate side chain in the 12th position. The absence of that Ca2þ-
specific interaction explains the closed domain conformation. Unexpectedly,
in site II Mg2þ contacts the carbonyl oxygen of the last residue in the entering
helix (X-1 position) and the central carbonyl oxygen of the loop (-Y position),
which is a part of the EF-hand-b-scaffold. The remaining four coordinating po-
sitions are occupied by water, which, in turn, make strong two-pronged hydro-
gen bonds to sidechain carboxyls of Asp and Glu in Y and -Z positions of the
loop, respectively. This unusual bindingmode is apparently facilitated by a shift
of the entering helix stabilized by the protein interface in the crystal lattice. The
structure offers a view to the mechanism of an initial engagement of a hydrated
metal ion with an EF-hand and a plausible route for its dehydration and transfer
to the final binding position. These observations support and extend our previ-
ously proposed two-step EFBS mechanism (Grabarek, Z., J. Mol. Biol.
346,1351,2005).
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Site-Specific Methionine Oxidation and Calmodulin Molecular Dynamics
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We have examined the structural consequences of methionine (Met) oxidation
in the calcium signaling protein calmodulin (CaM) using molecular dynamics
simulations. Protein oxidation by reactive oxygen species (ROS) is a criticalelement of cell function, but in the context of oxidative stress, has been impli-
cated in disease progression and biological aging. Calmodulin function is inti-
mately tied to muscle redox state through methionine oxidation by ROS and
reduction by methionine sulfoxide reductases. Our goal is to bridge our under-
standing of muscle dysfunction and protein oxidation with atomic-level in-
sights into site-specific methionine oxidation and calmodulin structural
dynamics. We have carried out multiple 100 ns molecular dynamics simula-
tions of explicitly solvated calmodulin starting from the calcium bound (1cll)
and apo (1cfc) crystal structures. Results from preliminary simulations suggest
that calcium bound CaM is structurally insensitive to methionine oxidation,
while methionine oxidation in apo CaM causes considerable changes in the dis-
tribution of conformational states. Our work is a component of a larger study in
which spectroscopic distance measurements and nuclear magnetic resonance
experiments are being carried out for site-specifically oxidized CaM in both
the calcium bound and apo biochemical states. We expect that our in silico re-
sults will bring atomic-level insight to spectroscopic measurements, and will be
integral to creating a more complete model for oxidation-induced changes in
calmodulin structural dynamics. Further, we anticipate that our results will
be applicable to the many biological and pharmaceutical contexts in which a de-
tailed understanding of protein oxidation, function and structure relationships is
sought. This work is supported by NIH (2R37AG026160-06) and the Minne-
sota Supercomputing Institute.
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Calmodulin Prevents the Inhibitory Effect of Neurotoxic b-Amyloid Pep-
tide on Synaptosomal Plasma Membrane Ca2D-ATPase
Ana M. Mata, Marı´a Berrocal, Marı´a Vazquez-Hernandez,
M. Rosario Sepulveda.
Depto. Bioquı´mica y Biologı´a Molecular y Gene´tica, Facultad de Ciencias,
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Dysregulation of cellular Ca2þ homeostasis and b-amyloid peptide (Ab) have
been linked to cell dysfunction and death in neurodegenerative disorders, such
as Alzheimer’s disease (AD). We have recently reported that Ca2þ-dependence
of plasma membrane Ca2þ-ATPase (PMCA) activity is altered in AD-affected
brains, and in pig brain in the presence of Ab fragment (25-35) and full-length
Ab1-40 or 1-42 peptides, being inhibited by those peptides. In the present work,
performed with Ab1-42, we found that Ca2þ-calmodulin, the main endogenous
activator of PMCA, was able to block the inhibitory effect of Ab on PMCA ac-
tivity. Besides, the activity of truncated PMCA mutant lacking the C-terminal
domain involved in calmodulin binding was not inhibited by Ab. Dot blot over-
lay assays further confirmed an interaction of Ab peptide with both PMCA and
calmodulin. Thus, calmodulin may prevent the inhibitory effect of Ab on
PMCA activity by a mechanism that involves its direct binding to the protein,
changing PMCA conformation and thus occluding peptide binding to PMCA,
and/or its direct binding to the peptide. These finding may reveal a protection
role of calmodulin against the Ab-induced neurotoxicity in AD.
This work was supported by Ministerio de Ciencia e Innovacion (MICINN,
project BFU2008-00182), Fundacio´n Marcelino Botı´n, Junta de Extremadura
and FEDER.
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Role of Neurogranin in the Regulation of Calmodulin Dynamics
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Neurogranin, also called RC3, is a small neuronal IQ domain protein whose
only known function is to bind calmodulin (CaM) in postsynaptic neurons. It
was hypothesized that RC3 acts as a CaM-buffer that regulates CaM availabil-
ity following Ca2þ influx based on qualitative data that indicated that RC3
bound preferentially to apo-CaM. Additionally, protein kinase C phosphoryla-
tion of Ser36 in the IQ domain of RC3 was shown to weaken CaM binding.
Currently, there is a lack of precise biophysical and biochemical data on quan-
tifying RC3, CaM and calcium interactions. We used isothermal titration calo-
rimetry to measure the thermodynamics of association between CaM and RC3
or a family of peptides that contain the minimal, extended or phosphorylated IQ
domain. The extended IQ domain produced similar results as wtRC3 in its bind-
ing to Ca2þ/CaM and apo-CaM and both bound more tightly to apo-CaM. In-
terestingly, the differences in their affinity to CaM was lessened by the addition
of physiological concentrations of salt. The minimal IQ domain peptide showed
distinct binding compared to wild-type RC3 indicating it is not a good mimetic
of the native protein. A phosphorylated form of the extended peptide eliminated
the binding to CaM; however, the phospho-mimetic version (S36D) of the same
peptide was still capable of binding to CaM. Based on these results, we are con-
structing a mathematical model that contains both RC3 and phospho-RC3 to
study their impact on the Ca2þ-CaM dynamics under physiological conditions.
We propose that RC3 has functions in the neuron beyond simply buffering CaM
